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ABSTRACT 
   Generation of reactive oxygen species (ROS) is considered as essential trigger of biological effects of ionizing radiations, and may be deeply 
linked with the radiation quality. 
   Amounts of total oxidation reactions (i.e. oxidative free radical species, •OH and HO2•), H2O2 generations, Oxygen consumptions, and •OH 
generations induced by X-ray, 20 keV/μm carbon beam, and 80 keV/μm carbon beam were estimated using EPR based techniques. 
   Total oxidation reactions were estimated as 3, 1.3, and 0.66 μmol/L/Gy, amount of H2O2 generations were 0.2, 0.57, and 0.35 μmol/L/Gy, oxygen 
consumptions were 0.4, 0.39, and 0.15 μmol/L/Gy for X-ray, 20 keV/μm carbon beam, and 80 keV/μm carbon beam, respectively. The ratio of H2O2 
generation per oxygen consumption were increased with LET, and were 0.5, 1.46, 2.33 for X-ray, 20 keV/μm carbon beam, and 80 keV/μm carbon 
beam, respectively. The •OH generations expected to be localized on the track/range of the radiation beam/ray, and both sparse (≈ 3.3 mM) and 
very dense (> 1.7 M) •OH generations were suggested. Percentage of sparse •OH generation decreased with LET becoming higher. 
Total •OH 1.28 μmol/L/Gy 1.26 μmol/L/Gy 1.26 μmol/L/Gy 
Total Oxidation 
(involving HO2• and sparse •OH) 
3 μmol/L/Gy 1.3 μmol/L/Gy 0.66 μmol/L/Gy 
H2O2 0.2 μmol/L/Gy 0.57 μmol/L/Gy 0.35 μmol/L/Gy 
X-ray 
20 keV/μm 80 keV/μm 
Carbon ion beam 
Oxygen consumption  0.4 μmol/L/Gy 0.39 μmol/L/Gy 0.15 μmol/L/Gy 
0.52 μmol/L/Gy 0.37 μmol/L/Gy Sparse •OH  (≈ 3.3 mM) 0.58 μmol/L/Gy 
Table.  ROS generation by X-ray and C-beam 
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Sparse •OH 
was 
estimated 
from height 
of shoulder. 
Highest amount of 
DMPO-OH detected 
was estimated as total 
•OH. 
(1.46) (2.33) (0.50) (H2O2 / O2 cons.) 
The ratio of H2O2/O2-
consumption become 
larger for higher LET. 
3221 
≈ 130 μM 
Density of Water Molecules 
(55.5 M as Conc.) 
≈ 4 μmol/L/Gy 
Total oxidation at LET > 80 keV/μm 
in hypoxic condition 
≈ 0.4 μmol/L/Gy 
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Total oxidation reaction (GSH-dependent reduction of 
TEMPOL) caused by X-ray 
≈ 3 μmol/L/Gy  
( < 0.5% O2 ) 
Total oxidation reaction by carbon-ion beam in 
normoxic and hypoxic conditions 
≈ 0.4 μmol/L/Gy 
Oxidation by •OH 
Effect of O2（Oxidation by HO2•） 
•H + O2  →  HO2• 
1.3 μmol/L/Gy  
0.7 μmol/L/Gy  
How much H2O2 can be generated 
by radiation? 
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0.1 mM TEMPOL in PB caked with 3.5% Gelatin 
Amount of H2O2 generated by carbon-ion beam 
at an identical dose 
0.57 μmol/L/Gy  
0.35 μmol/L/Gy  
Oxygen consumption and simultaneous H2O2 
generation caused by X-ray 
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Falcon T25 culture flask 
14% gelatin containing 20% sucrose 
Several LET confirmed at surface. 
LiNc-BuO in corn oil was slathered 
                                         on the inside wall of plastic flask. 
L-band EPR 
1200 MHz Surface Coil 
0.2 mT 
Before irradiation After irradiation 
Measurement of oxygen consumption in gelatin 
sample using EPR oximetry technique 
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Oxygen consumption in gelatin sample irradiated by 
carbon-ion beam  
LET 20 keV/μm: 0.39 μmol/L/Gy 
LET 80 keV/μm: 0.15 μmol/L/Gy 
How much O2 can be consumed 
by radiation? 
How much •OH can be generated 
by radiation? 
Ct  =  C0SIM × (1/2) ^ (t / t1/2) 
Ct  =  Ct-Δt  + ΔCΔt × Δt  -  Ct-Δt × (1/2) ^ (Δt / t1/2) 
t1/2 = ln(2) / k = 35.68 (min) 
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k = 0.0195 min-1 
-565 
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C0EXP = 19.72 (uM) 
ΔCΔt = C0INT / 565 Δt = 1 (sec) 
Estimation of net •OH amounts by correcting 
reduction of DMPO-OH, which had occurred during 
and after X-ray Irradiation. 
C0INT = 21.4 μM/32 Gy. 
Initial value of C0INT 
C0 = C0SIM 
Adjust C0INT to make C0SIM equal to C0EXP. 
When C0SIM equal to C0EXP 
For 15 mM DMPO reaction mixture, 
0.1 mM TEMPOL 
and 
1 mM GSH 
in 
100 mM PB 
(containing 0.05 mM DTPA) 
The absorption at 505 nm, which was of a 
compound caused by the peroxidase mediated 
reaction of H2O2, phenol, and 4-
aminoantipyrine, was measured. 
Oxygen consumption was measured 
by EPR oximetry. 
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Estimation of X-ray induced H2O2 amount based on 
GSH-independent reduction of TEMPOL  
Sample: 0.1 mM TEMPOL in water/PB 
Simply, 0.1 μmol/L/Gy of GSH-independent TEMPOL reduction 
was converted to 0.2 μmol/L/Gy of H2O2 generation. 
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Carbon beam induced generation of DMPO-OH in 
reaction mixtures containing several different DMPO 
concentrations (densities) 
The level of DMPO-OH concentration 
at the shoulder, which reflects the 
amount of sparse ·OH, decreased with 
LET increased.  The phase-3, which 
indicates super-dense ·OH generation, is 
becoming prominent with LET 
increasing. 
A single 32 Gy was irradiated. 
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X-ray induced generation of DMPO-OH in reaction 
mixtures containing several different DMPO 
concentrations (densities) 
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Linear increase through the origin indicates that the DMPO concentration is lower compared to local •OH concentration. The result suggests that two 
different densities of ·OH generation, i.e., sparse and dense, existed in this reaction system. 
The profiles of DMPO-OH/DMPO showed three phases: the linear increasing phase (phase-1, 
solid gray marks); plateau phase (phase-2, open marks); and another linear increasing phase 
(phase-3, solid black marks). 
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